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Summary
Signaling by receptor tyrosine kinases (RTKs) is me-
diated by their intrinsic kinase activity. Typically, ki-
nase-activating mutations result in ligand-indepen-
dent signaling and gain-of-function phenotypes. Like
other RTKs, Ephs require kinase activity to signal, but
signaling by Ephs in vitro also requires clustering by
their membrane bound ephrin ligands. The relative
importance of Eph kinase activity and clustering for
in vivo functions is unknown. We find that knockin
mice expressing a mutant form of EphA4 (EphA4EE),
whose kinase is constitutively activated in the absence
of ephrinB ligands, are deficient in the development
of thalamocortical projections and some aspects of
central pattern generator rhythmicity. Surprisingly,
other functions of EphA4 were regulated normally by
EphA4EE, including midline axon guidance, hindlimb
locomotion, in vitro growth cone collapse, and phos-
phorylation of ephexin1. These results suggest that
signaling of Eph RTKs follows a multistep process
of induced kinase activity and higher-order clustering
different from RTKs responding to soluble ligands.
Introduction
Guidance of navigating axons is mediated by long-
range and short-range signals from surrounding cells.*Correspondence: rklein@neuro.mpg.deShort-range signals include cell or matrix-associated
molecules, such as cell adhesion molecules and ephrins
(Palmer and Klein, 2003). Ephrins are repulsive guid-
ance cues at intermediate choice points, e.g., at the
nervous system midline (reviewed in Kaprielian et al.,
2001; Kullander and Klein, 2002) and for topographic
mapping (reviewed in Vanderhaeghen and Polleux, 2004).
Ephrins come in two flavors, GPI-anchored ephrinAs
(A1–A5) and transmembrane ephrinBs (B1–B3). They
bind and activate Eph receptors, the largest subfamily
of receptor tyrosine kinases (RTKs), in a mostly sub-
group-specific manner, i.e., A-type Ephs (EphA1–EphA8
and EphA10) bind ephrinAs, and B-type Ephs (EphB1–
EphB4 and EphB6) bind ephrinBs, with few exceptions
(Himanen et al., 2004). Because ephrins are connected
to the plasma membrane, signaling can originate from
the ephrin ligands as well as from the Eph receptors
(reviewed in Kullander and Klein, 2002).
While the mechanisms by which Ephs and ephrins
regulate diverse biological functions are beginning to
be understood, our knowledge about the regulation of
Eph receptor activation and downstream signaling is
rather incomplete. Eph receptors resemble in many re-
spects classical RTKs (Schlessinger, 2000): they show
ligand-induced autophosphorylation and kinase activa-
tion, they recruit adaptor proteins, and most if not all
in vivo functions mediated by Eph signaling require an
intact kinase activity (Kullander et al., 2001b). Like sev-
eral other RTKs, they are kept in an autoinhibited state
by their juxtamembrane (JM) region (Gille et al., 2000;
Herbst and Burden, 2000; Wybenga-Groot et al., 2001).
The unphosphorylated JM region interacts intramolec-
ularly with the kinase domain and forces it into an in-
active conformation (Wybenga-Groot et al., 2001). Phos-
phorylation of specific tyrosine residues within the JM
region relieves autoinhibition.
Unlike other RTKs, Eph receptors are activated ex-
clusively by membrane bound ligands but not by solu-
ble monomeric ligands (Davis et al., 1994). When ex-
pressed as soluble dimers fused to the Fc portion of
human IgG, ephrins have weak activation potential
(Davis et al., 1994; Stein et al., 1998) and in vivo can
act as dominant-interfering ligands (Gerlai et al., 1999).
When aggregated in solution or bound to beads,
ephrins trigger the formation of Eph clusters (Wimmer-
Kleikamp et al., 2004) and elicit full Eph signaling (Davis
et al., 1994; Stein et al., 1998). These data suggest that
Ephs are activated by two processes: kinase activation
and higher-order clustering. The relative importance of
these events is not understood. Moreover, the impor-
tance of Eph-ephrin clustering for the diverse biological
functions in vivo is unclear and has so far not been
addressed genetically. Previous work has shown that
clustered Ephs recruited the effector low-molecular
weight phosphotyrosine phosphatase (LMW-PTP) (Stein
et al., 1998). The significance of recruitment of LMW-
PTP for normal Eph function is, however, unclear (Chi-
arugi et al., 2004).
Here, we have addressed the relative importance of
kinase activity and clustering for several developmental
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516functions of the EphA4 receptor. First, EphA4 has a w
Gnon-cell-autonomous role, not requiring EphA4 forward
osignaling in the formation of the anterior commissure
i(AC), an axon bundle that connects the two cerebral
chemispheres (Cowan et al., 2004; Kullander et al.,
s2001b). Second, EphA4 is required for development of
fthe thalamocortical system, where complementary gra-
idients of EphA4 in the thalamic primary somatosensory
E(ventrobasal [VB]) nucleus, and ephrinA5 in the somato-
psensory area (S1) of the cortex, control topographic
Fmapping of thalamocortical axons (Dufour et al., 2003).
aThird, EphA4 is required for corticospinal tract (CST)
oaxons to recognize the spinal cord midline as an inter-
tmediate repulsive target that prevents them from aber-
Trantly recrossing (Kullander et al., 2001a, 2001b; Yoko-
iyama et al., 2001). Fourth, EphA4-positive neurons are
mkey components of the spinal central pattern generator
b(CPG) (Kullander et al., 2003; reviewed in Kiehn and
rKullander, 2004), a local neuronal network within the
nspinal cord that is rhythmically active during locomo-
2tion (Butt and Kiehn, 2003; Kiehn and Kjaerulff, 1998).
lKinase activation is the critical and regulated step for
smost RTKs (Schlessinger, 2000). The biological activity
dof most RTKs strictly correlates with the degree of en-
tzymatic activation. Mutations that result in constitutive
kreceptor activation are frequently observed in cancer,
dand ectopic expression of constitutively active RTK
wmutants generally causes gain-of-function phenotypes,
asuch as hyperproliferation or cell transformation (Hol-
tland et al., 1998; Sommer et al., 2003). Based on struc-
tural information and previous work on the related
pEphB2 receptor (Wybenga-Groot et al., 2001; Zisch et
mal., 2000), we generated an EphA4 receptor carrying a
econstitutively activated kinase by replacing two JM ty-
nrosine residues with glutamate residues (termed ki-
knase-active EphA4EE). Here, we show that mice ex-
ppressing kinase-active EphA4EE were deficient in the
(development of thalamocortical projections and some
caspects of CPG rhythmicity. Surprisingly, other func-
etions of EphA4 were regulated normally by EphA4EE,
i
including midline guidance of CST and CPG axons.
t
These results indicate that EphA4 kinase activity, al-
1
though required, is not sufficient for EphA4 forward sig- r
naling in vivo. In vitro, clustering of kinase-active k
EphA4EE induced normal growth cone collapse and l
phosphorylation of the downstream effector ephexin1, y
suggesting that Eph signaling output and cellular re- E
sponses are regulated by induction of kinase activity w
and higher-order clustering. s
t
t
Results l
c
Generation of a Constitutively t
Active EphA4 Receptor E
Structural information on EphA4 and the related EphB2 p
cytoplasmic domains (Wybenga-Groot et al., 2001) s
pointed to two tyrosines (Y596 and Y602) of the EphA4 n
JM region, which in the unphosphorylated form associ- b
ate with the Eph kinase domain and autoinhibit the re- h
ceptor. Phosphorylation of these tyrosine residues, or F
kreplacement by glutamic acid, relieved autoinhibitionithout negatively affecting forward signaling (Wybenga-
root et al., 2001; Zisch et al., 2000). To extend these
bservations, we engineered the Y596E/Y602E mutant
n EphA4 (here referred to as EphA4EE; Figure 1A) and
haracterized its kinase activity toward a newly de-
igned in vitro substrate of EphA4: its own JM domain
used to glutathione S-transferase (GST-JM; see Exper-
mental Procedures). Immunoprecipitated EphA4 from
phA4-transfected HEK293 cells was able to phos-
horylate the GST-JM substrate but not GST alone (see
igure S1A in the Supplemental Data available with this
rticle online). Phosphorylation of GST-JM was reliably
bserved in the presence of wild-type EphA4 and mu-
ant EphA4EE, but not kinase-dead EphA4 (Figure S1B).
o investigate if the regulation of EphA4 kinase activity
s required for axon pathfinding in vivo, we generated
ice in which the wild-type ephA4 gene was replaced
y a mutant version of ephA4 encoding the EphA4EE
eceptor. We used the same knockin strategy as for ki-
ase-dead EphA4 (ephA4KD allele; Kullander et al.,
001b) and C-terminally truncated EphA4 (ephA4GFP al-
ele; Grunwald et al., 2004) (Figures 1A–1C). The expres-
ion levels of EphA4 protein in embryonic brain lysates
erived from ephA4EE/EE mutant mice were similar to
hose of wild-type (+/+) littermates or wild-type ephA4
nockin control animals (ephA4WT/WT; Figure 1D; and
ata not shown). The EphA4EE protein displayed some-
hat slower mobility in SDS-PAGE, possibly due to the
dditional negative charge provided by the two glu-
amic acids (Figure 1D).
To evaluate the activity of the EphA4EE protein ex-
ressed by the targeted ephA4 locus, we derived pri-
ary cortical neurons from embryonic day 16.5 (E16.5)
phA4EE/EE mutant embryos and assayed its in vitro ki-
ase activity toward the GST-JM substrate. Basal EphA4
inase activity in ephA4EE/EE neurons was increased ap-
roximately 3.5-fold compared to ephA4WT/WT neurons
Figure 1E). This is in agreement with the reported in-
rease of kinase activity in other RTK mutants (Bardelli
t al., 1998; Chen et al., 1997; Pasini et al., 1997). The
ncreased kinase activity of EphA4EE could not be fur-
her enhanced by stimulation with ephrinB3-Fc (Figure
F, right). In contrast, stimulation of ephA4WT/WT neu-
ons for 20 and 40 min caused a 2-fold induction of
inase activity above nontreated or control Fc-treated
evels (Figure 1F, left). EphA4EE receptor autophosphor-
lation was greatly reduced compared to wild-type
phA4, confirming that the two JM tyrosine residues
ere the major sites of autophosphorylation. Prolonged
timulation with ephrinB3-Fc slightly increased EphA4EE
yrosine phosphorylation, consistent with observed au-
ophosphorylation of tyrosine residues in the activation
oop (Wybenga-Groot et al., 2001) (Figure S1C). To ex-
lude that EphA4 kinase activity was activated by clus-
ering during the immunoprecipitation, we measured
phA4 kinase activity after eluting it from the immuno-
recipitating antibodies. Under these conditions, we
till observed a ligand-dependent 2-fold increase in ki-
ase activity of wild-type EphA4. In contrast, the higher
asal kinase activity of EphA4EE was not further en-
anced by stimulation with ephrinB3-Fc (Figure 1G;
igure S1D). Finally, we attempted to measure EphA4
inase activity toward the GST-JM substrate in living
Mechanism of EphA4 Signaling
517Figure 1. Generation of a Knockin Mouse Ex-
pressing a Constitutively Active EphA4 Re-
ceptor
(A) Schematic models of the intracellular part
of the EphA4 receptor encoded by different
ephA4 mutant alleles used in the present
study. WT, wild-type control allele of the tar-
geting strategy; EE, mutant allele in which
the two juxtamembrane tyrosines (Y596 and
Y602) were replaced by two glutamic acid
residues; KD, kinase-dead receptor in which
lysine K653 in the catalytic domain and re-
sponsible for ATP binding was mutated to a
methionine residue (M). GFP, mutant allele
encoding an EphA4 receptor whose entire
intracellular part was replaced by green fluo-
rescent protein.
(B and C) Schematic representation of the
homologous recombination strategy used to
mutate the mouse ephA4 gene. Replace-
ment-type vector containing the ephA4EE
cDNA (EE) was fused in frame with the third
exon (III) and thereby placed under control
of the endogenous gene promoter. A loxP-
flanked (black triangles) neomycin selection
marker was subsequently removed by the
Cre recombinase. BamHI restriction sites (B)
and location of the Southern hybridization
probe are indicated. Southern hybridization
with ES cell genomic DNA following enzy-
matic restriction by BamHI. The probe corre-
sponding to intronic sequences adjacent to
the 3# end of the targeted region detected a
12.5 kb wild-type (+/+) and a 4.6 kb targeted
DNA fragment in clones of transfected
ephA4EE (EE/+) ES cells (C).
(D) Western blot analysis against EphA4 in
extracts of embryonic brains (E16.5) from
the indicated mutants. The ephA4EE and con-
trol alleles were tested in combination with
the ephA4GFP allele, whose faster migration
allowed the separation by size and pro-
vided an internal control. Expression levels
of EphA4EE protein were comparable to
those of endogenous EphA4 (+) and cDNA-
encoded EphA4WT protein. Note the slightly
slower mobility of the EphA4EE receptor
compared to wild-type EphA4.
(E) EphA4 kinase activity toward the exogenous substrate GST-JM in immunoprecipitates from cortical neurons derived from control ephA4WT/WT
or ephA4EE/EE neurons. Basal EphA4 kinase activity was 3.5-fold higher in ephA4EE/EE compared to ephA4WT/WT neurons (average of n =
3 experiments).
(F) EphA4 kinase activity in immunoprecipitates from cultured cortical neurons of ephA4WT/WT or ephA4EE/EE mice stimulated with preclustered
ephrinB3-Fc or Fc control protein for the indicated time points. The experiments were otherwise done as in (E). In ephA4WT/WT neurons,
ephrinB3 induced kinase activity 2-fold above Fc control stimulation (kinase activity before stimulation was set to 1). In ephA4EE/EE neurons,
no significant increases above basal levels were measured at either 20 min or 40 min poststimulation (N.T., nontreated cultures) (average of
n = 2 experiments). Data were expressed as the average ± SEM.
(G) EphA4 kinase activity of the nonclustered receptor after elution from the immunoprecipitating antibodies. EphrinB3 (eB3-Fc) stimulation
and immunoprecipitations were done as in (E) and (F). The receptor was released from the beads using 30–40 g of the KLH-coupled
EphA4C-term peptide per sample as described in Figure S1D. In vitro kinase activity was carried out using GST-JM as exogenous substrate.
The background activity obtained in sibling samples using protein A beads only (without antibody) or in EphA4 immunoprecipitates without
adding exogenous substrate was subtracted from each kinase activity value. Activity was expressed as fold induction over Fc-treated sam-
ples. Lower panel shows the amount of EphA4 receptor in the original neuron lysates used for the kinase assay. Basal kinase activity of
EphA4EE compared to wild-type EphA4 was increased 2.6-fold in the immunoprecipitates and 2.3-fold after elution.cells. To this end, we coexpressed EphA4 together with
GST-JM in HeLa cells, stimulated the cells with ephrinB3-
Fc or control Fc, and measured the phosphorylation of
GST-JM by pull-down with glutathione beads followed
by anti-phosphotyrosine immunoblotting. Under these
conditions, the in vivo phosphorylation of GST-JM wasgreatly enhanced in the presence of EphA4EE com-
pared to wild-type EphA4 (Figure S2). In summary,
these results indicate that the EphA4EE receptor dis-
plays greatly increased kinase activity and suggest that
the mutant ephA4EE allele is a specific gain-of-function
allele with respect to its tyrosine kinase activity.
Neuron
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oFigure 2. Abnormal Thalamocortical Projections but Normal Midline
mBehavior of Corticospinal Tract Fibers in ephA4EE/EE Mutant Mice
4(A–D) The point-to-point topography of projections between the
mthalamic nucleus VB (subdivided into a medial and a lateral part:
VPM and VPL, respectively) and the primary somatosensory area a
S1 demonstrated by retrograde labeling (schematic drawing and m
low-power views in [A]). (B) In control ephA4WT/WT mice, focal injec- i
tion of DiI in S1 resulted in the retrograde labeling of a single cluster
Iof cells in the thalamic nucleus VPM (asterisk). In contrast, the
fephA4GFP/GFP and ephA4EE/EE mutants showed, in addition to the
cnormal cluster, ectopic cells located more medially to their normal
location (arrows), suggesting that thalamocortical projections were e
not properly organized in the mutants (C and D). Scale bars equal o
1500 m in (A) (small pictures) and 400 m in (B). (E, G, and I) Dark- E
field photographs of spinal cord cross-sections at the thoracolum-
pbar level of the indicated mutant mice showing the regular shape
cof the dorsal funiculus in ephA4EE/EE and ephA4WT/WT mice. Note the
cshorter ventral extension of the dorsal funiculus in the ephA4KD/KD
mutant (longer distance between the ventral tip of the dorsal funic-
ulus [arrow] and the central canal [asterisk]). Scale bar in (I) equals
250 m. (F, H, and J) The motor cortex of anesthetized mice was
itraced unilaterally (right hemisphere) with biotin dextran amine, and
mmice were sacrificed 7–9 days afterwards. On vibratome sections,
tCST axons were only occasionally seen to recross the midlineould not be attributable to reduced expression of the
n the brachial part of the spinal cord in ephA4WT/WT and ephA4EE/EE
ice. In contrast, many CST fibers (arrowheads in [H]) recrossed
he midline in ephA4KD/KD mutants.he Kinase-Active EphA4EE Receptor Mediates
athfinding Events Triggered by EphrinB
everse Signaling
ince ephA4EE/EE mice were viable and fertile, we first
sked whether kinase-active EphA4 would mediate AC
ormation. EphA4 is expressed by cells in the territory
hrough which AC axons travel and induces ephrinB re-
erse signaling in AC axons (Cowan et al., 2004; Kul-
ander et al., 2001b). EphA4 kinase activity is not re-
uired for this process (Kullander et al., 2001b). To
isualize the AC, we analyzed horizontal forebrain sec-
ions of 12- to 16-week-old mice under bright-field mi-
roscopy. The anterior limb of the AC (aAC) appears
s a horseshoe-shaped axon bundle, which colocalizes
ith the medial part of the posterior limb (pAC). Both
ortions were normally developed in control ephA4WT/WT
nd ephA4EE/EE mutant knockin mice (n = 4 mice), while
n the majority of ephA4null/null mutants both limbs fail
o cross the midline and misproject to aberrant target
egions on the ipsilateral sides (Figure S3) (see also
ullander et al., 2001b). These results indicate that ki-
ase-active EphA4EE triggered normal ephrinB reverse
ignaling on AC axons, suggesting that the protein is
roperly located in the plasma membrane.
phA4EE/EE Mutants Have Abnormal
halamocortical Projections
e next analyzed the topographic projections of dorsal
halamic axons to the somatosensory cortex, which
ere shown to require the presence of EphA4 (Dufour
t al., 2003). The area specificity and topography are
ontrolled by ephrinA5, which is expressed in a low lat-
ral to high medial gradient in S1, and by EphA4, which
s expressed in a complementary gradient in the thala-
ic primary somatosensory nucleus (VB). In ephA4WT/WT
n = 6) animals, a single injection of the retrograde
racer Dil into the S1 barrel cortex systematically re-
ulted in the labeling of a single cluster of cells in the
entro-postero-medial nucleus (VPM) of the somato-
ensory thalamus (Figures 2A and 2B) (see also Dufour
t al., 2003). When similar injections had been per-
ormed in ephA4null/null animals, a significant proportion
f the retrogradely labeled thalamic cells were located
ore medially than the normal cluster (penetrance
3%; n = 7 out of 16) (Dufour et al., 2003). EphA4GFP/GFP
utants showed the same phenotype as ephA4null/null
nimals, indicating that correct establishment of thala-
ocortical projections required EphA4 forward signal-
ng (penetrance 83%; n = 5 out of 6) (Figure 2C, arrows).
nterestingly, the ephA4EE/EE mutants phenocopied the
orward signaling-deficient ephA4GFP/GFP mutants, indi-
ating that the EphA4EE receptor was not able to prop-
rly organize these projections (penetrance 61%; n = 8
ut of 13) (Figure 2D, arrows). The expression levels of
phA4 in the thalamus of ephA4EE/EE mice were com-
arable to those of ephA4WT/WT mice (Figure S1E), indi-
ating that the defect observed in the mutant mice
Mechanism of EphA4 Signaling
519receptor in this particular area of the brain. These re-
sults rather suggest that regulation of kinase activity
by ephrins is required for EphA4-mediated topographic
mapping of thalamocortical somatosensory projections.
The ephA4EE Allele Rescues the CST Phenotype
of ephA4 Loss-of-Function Alleles
CST axons originate in the motor cortex, traverse the
midline at the brain-spinal cord junction, and then con-
tinue down in the opposite side of the spinal cord to
ultimately connect with spinal cord motor neurons. The
interaction between midline ephrinB3 and EphA4 on
CST axons prevents these axons from aberrantly
recrossing the spinal cord midline (Kullander et al.,
2001a, 2001b; Yokoyama et al., 2001). We hypothesized
that kinase-active EphA4EE receptors would perhaps
cause a gain-of-function phenotype resulting in ephrin-
independent growth cone collapse and failure of axon
tract formation. Constitutive activation of EphA4 kinase
activity may have also increased EphA4 endocytosis
and trafficking and may have reduced sensitivity to-
ward ephrin-induced repulsion. To our surprise, how-
ever, ephA4EE/EE mice displayed normal CST projec-
tions. The ephA4null/null mutant CST phenotype has two
components, which are likely to be linked. First, the
dorsoventral extent of the dorsal funiculus is reduced,
possibly due to loss of CST axons, and secondly, CST
fibers within the dorsal funiculus aberrantly recross the
midline at lumbar levels of the spinal cord (Kullander et
al., 2001a, 2001b; Yokoyama et al., 2001). Histological
analysis of spinal cord cross-sections of ephA4null/null
and ephA4KD/KD mutants revealed the expected reduc-
tions of white matter in the dorsal funiculus in both the
brachial (data not shown) and lumbar regions (compare
Figures 2E and 2G; and data not shown). In contrast,
the ephA4EE/EE mutants displayed a normal dorsal fu-
niculus (n = 6 animals) (Figure 2I). To visualize CST ax-
ons, we performed unilateral, anterograde, axon-trac-
ing experiments in the motor cortex and stained the
terminal projections of the CST in the spinal cord. In
ephA4WT/WT animals, stained CST axons project only to
one side of the spinal cord, which is contralateral to the
tracer injection side (Figure 2F). Aberrant recrossings
through the midline into the ipsilateral side were rarely
observed (three out of ten sections presented at least
one aberrant axon). In contrast, in ephA4KD/KD spinal
cords, 100% of the sections showed many aberrant
axon sprouts that recrossed the midline (Figure 2H) (see
also Kullander et al., 2001b). Interestingly, and consis-
tent with the normal shape of the dorsal funiculus, the
ephA4EE/EE mice had normal unilateral CST projections
(Figure 2J), indicating that the kinase-active EphA4EE
receptor elicits normal forward signaling to mediate
midline repulsion of CST axons.
The CPG Circuit Is Partially Abnormal
in ephA4EE/EE Mice
Locomotion, though controlled from higher motor cen-
ters in the brain, is produced by neuronal networks
within the spinal cord called central pattern generators
(CPGs) and consists of stereotyped actions involving
repetitions of the same movement. The lower thoracicand upper lumbar spinal cord is the region that is most
rhythmically active during locomotion (Cowley and
Schmidt, 1997; Kjaerulff and Kiehn, 1996; Kremer and
Lev-Tov, 1997). EphA4-positive neurons are important
components of the CPG (Kullander et al., 2003). In
ephA4 and ephrinB3 null mutants, a significant fraction
of these neurons aberrantly project contralaterally and
cause reciprocal overexcitation of the CPG resulting
in a hopping gait (Kullander et al., 2003). To investigate
EphA4 kinase signaling in local spinal CPG develop-
ment, we examined locomotor-like behavior in isolated
spinal cord preparations from newborn mice (Figure
3A). In wild-type or heterozygous control mice, rhyth-
mic locomotor activity induced by addition of serotonin
(5-HT) and N-methyl-D-aspartic-acid (NMDA) was char-
acterized by alternation between the left lumbar (L)
segment 2 and right L2 ventral root bursts, similar to
left-right alternation between hindlimbs (Kullander et
al., 2003) (Figure 3B1). There was also alternation be-
tween L2 and L5 activity on the same side of the spi-
nal cord, similar to the flexion and extension in one
limb during locomotion. In contrast, bilateral roots of
ephA4null/null mutants displayed abnormal synchronous
rhythm (Figure 3B2; Kullander et al., 2003). The pattern
in ephA4EE/EE mice was normal at the L2 level: 12 out
of 14 preparations demonstrated significant alternation
compared to eight out of nine control preparations (Fig-
ures 3B3, 3C1, and 3C4). At the L5 level, however,
ephA4EE/EE mice gave mixed results: only one out of
ten preparations showed alternation, six were drifting
(see Experimental Procedures), and three showed syn-
chrony compared to five out of eight control prepara-
tions showing significant alternation (Figures 3C3 and
3C6). The ipsilateral coupling between L2-L5 roots was
only significant in half the ephA4EE/EE preparations (7
out of 13). This finding suggests looser coupling of the
ipsilateral coordination in the ephA4EE/EE mice than in
controls (Figures 3C2 and 3C5).
Normal left-right coordination is mediated by com-
missural interneurons (CINs), whose cell bodies are lo-
cated in the ventral spinal cord. Tracing of CINs by mid-
line staining and tracing of ascending or descending
CINs in ephA4EE/EE mice showed no obvious deviation
from normal mice or ephA4null/null mice at either the L2
or the L5 level (data not shown and Figures 3D–
3F). Importantly, we did not observe in ephA4EE/EE mu-
tants the increased aberrant crossing of descending
fibers that we previously detected in ephA4null/null and
ephrinB3null/null mice (Figures 3E and 3F; Kullander et
al., 2003). These results indicate that the kinase-active
EphA4EE receptor is able to recognize the midline repel-
lent ephrinB3, thus “avoiding” aberrant crossing in the
spinal cord. The EphA4EE receptor mediates the devel-
opment of a semifunctional CPG that is normal with
respect to the L2 coordination, but not the L5 and the
ipsilateral L2-L5 coordination.
Normal Unilateral Motor Control in ephA4EE/EE Mice
An intact CPG circuit is essential for normal walking
behavior. Mice either lacking EphA4 or expressing a ki-
nase-dead mutant of EphA4 move their hindlimbs syn-
chronously in a hopping fashion. Because ephA4EE/EE
mice displayed abnormal locomotor patterns in iso-
Neuron
520Figure 3. Partially Abnormal Left-Right Syn-
chrony and Normal Midline Axon Pathfinding
in ephA4EE/EE Spinal Cords
(A) Experimental setup to record fictive loco-
motion in the in vitro mouse spinal cord
preparation. Suction electrodes were placed
on both the right and left ventral roots at
lumbar levels 2 and 5. Fictive locomotion
was induced by perfusion with a combina-
tion of NMDA and serotonin (5-HT).
(B1–B4) Recordings of locomotor activity in
an ephA4WT/WT mouse (B1), a homozygous
ephA4null/null mouse (B2), and two ephA4EE/EE
mice (B3 and B4). Note alternation between
left (l) and right (r) L2 in control and the two
ephA4EE/EE mice. Synchrony is observed in
ephA4null/null mutants. At L5 level, one of the
ephA4EE/EE mice alternates (B3), while the
other displays synchrony (B4). Timescale
equals 1 s.
(C1–C6) Circular phase diagrams showing
the significance level of the locomotor pat-
tern. Blue circles indicate high significance
(p < 0.001; dots outside the blue line), red
circles indicate significance (0.05 < p <
0.001; dots outside the red line), and dots
inside the red line are nonsignificant (NS).
(C1) Control group at L2 level consisting of
three wild-type (dots) and six heterozygotes
(squares). Eight out of nine preparations
show significant alternation. (C4) In ephA4EE/EE
mice at L2 level, locomotion is normal in 12
out of 14 preparations. (C2 and C5) Ipsilat-
eral coupling between the left L2/L5 roots
(black dots) and right L2/L5 roots (white
dots). (C2) Locomotion is normal in the con-
trol group, with only one out of nine prepara-
tions being nonsignificant. (C5) Locomotion
is seminormal in ephA4EE/EE mice, with only
7 out of 13 preparations showing significant
alternation. (C3 and C6) Coupling between
the two L5 roots. (C3) Locomotion is near
normal in the control group, with five out of
eight preparations showing significant al-
ternation. (C6) Locomotion is abnormal in
ephA4EE/EE mice, with most of the prepara-
tions either being nonsignificant or showing
synchrony.
(D–F) Tracing of descending commissural in-
terneurons (dCINs) at L2 level. Transverse
spinal cord sections showing the distribution
of dCINs after application of RDA between
the L3/L4 root. No overt difference is observed in the distribution of dCINs in control (D), ephA4null/null (E), and ephA4EE/EE mice (F) (white
dotted line). However, fibers extensively cross the midline in ephA4null/null mutants ([E]; arrowheads), but not in wild-type (D) or ephA4EE/EE
mice (F). The preparation in (F) was traced after recording, where it showed synchrony in L5 roots and therefore represents the most abnormal
ephA4EE/EE case. Scale bar, 100 m.lated spinal cord preparations, we subjected adult ani- p
0mals to a gait analysis (Kullander et al., 2001a). Visual
inspection of the footprints of ephA4WT/WT control and t
dephA4EE/EE mice revealed a normal alternating step
pattern with the placement of each hindpaw where the f
tforepaw had been (Figure 4A). In contrast, mice ex-
pressing signaling-deficient EphA4GFP receptors moved c
pby first hopping on their two front paws and then hop-
ping on their two hindpaws (Figure 4A). To minimize dif- m
rferences in sex, body weight, or speed of locomotion,
we calculated the ratio between the distances covered r
nby left and right paw (B) and the distance covered by
the same paw (A) (Figure 4B). During perfect alterna- i
tion, the ratio B/A approximates the value 0.5. Duringarallel hopping, the ratio B/A approximates the value
.0. When applying this ratio to ephA4EE/EE animals and
o ephA4WT/WT littermate controls from two indepen-
ent breedings, we could not detect any significant dif-
erences between both groups of mice (Figure 4C). Nei-
her could we detect differences when we included one
opy of the inactive ephA4GFP allele to sensitize the
henotype (Figure 4D). Only ephA4GFP/GFP or ephA4KD/KD
utant mice displayed synchronicity of the hindlimbs
esulting in a ratio B/A close to zero (Figure 4E). These
esults show that adult ephA4EE/EE mutant mice have
ormal gait as evaluated by footprint analysis, indicat-
ng that in the presence of an intact sensory feedback
loop paw placement is normal.
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Locomotion
(A) Mice were trained to travel a straight path to analyze their gait.
Forepaws and hindpaws were stained with blue and red ink, re-
spectively, to measure their placement during running. Vertical red
arrows point to the position of the hindlimbs, and the horizontal
black arrow on top indicates the direction of travel. Note the normal
alternating profile in both the ephA4WT/WT and ephA4EE/EE mice. In
contrast, the ephA4GFP/GFP footprints showed an almost simulta-
neous move of the hindpaws resulting in a hopping gait.
(B) Ratio between the distances covered by left and right paw (B)
and the distance covered by the same paw (A) for quantification of
the degree of parallel walking of the hindlimbs.
(C–E) Comparison of the B/A ratio between littermates of differ-
ent experimental groups. (C) Comparison between homozygous
ephA4WT/WT and ephA4EE/EE of two independent heterozygous
crosses. Note that the ephA4EE/EE mice did not show any symptom
of synchronicity and that they had a perfect alternating walking
behavior even when an inactive copy of the ephA4GFP receptor was
present (D). (E) Homozygous mice expressing signaling-deficient
EphA4 receptors (ephA4GFP/GFP and ephA4KD/KD) showed a strong
reduction in the B/A ratio, approaching the value 0.0. The numbers
of mice used for these experiments are indicated. ***p < 0.001;
Student’s t test). Data in (C), (D), and (E) were expressed as the
average ± SEM.Dissociated ephA4EE/EE Neurons Display Normal
Growth Cone Collapse Response
The results presented above indicated that, despite
having deregulated kinase activity, the EphA4EE mutant
receptor was still able to normally regulate certain bio-
logical functions. The finding that EphA4-mediated
events can occur at the right time and place during de-velopment even when the EphA4 kinase is constitu-
tively active implies that when ephrins engage EphA4
during development a signaling mechanism must oper-
ate in addition to activation of the RTK to allow for nor-
mal development. To test this hypothesis, we used the
in vitro growth cone collapse response of primary dis-
sociated neurons derived from ephA4 mutant mice (Fig-
ure 5A). Neurons from the embryonic part of the cortex
that will give rise to the future motor cortex were cho-
sen, because 85% of the cultured neurons expressed
EphA4 (data not shown) and because neurons from this
brain region project CST axons. Moreover, ephrinB3-
induced growth cone collapse was strictly dependent
on EphA4 signaling. As shown in Figure 5B, preclus-
tered ephrinB3-Fc doubled the number of collapsed
growth cones in cultures derived from heterozygous
ephA4GFP/+ neurons but was inert on homozygous
ephA4GFP/GFP cultures. In contrast, ephrinA1-Fc was as
effective on control and homozygous ephA4GFP/GFP cul-
tures, suggesting that these neurons expressed addi-
tional EphA receptors. Notably, EphA4 kinase signal-
ing was required, since ephrinB3-Fc failed to induce
growth cone collapse of neurons expressing kinase-
dead EphA4 (Figure 5C). Cultured neurons expressing
kinase-active EphA4EE receptors displayed the same
rate of spontaneous growth cone collapse as control
ephA4WT/WT neurons (Figure 5D), confirming the notion
that activation of EphA4 kinase activity alone is not suf-
ficient to trigger EphA4 signaling. Stimulation with pre-
clustered ephrinB3-Fc induced the same collapse
response in both neuron populations (Figure 5D), sug-
gesting that ephrinB3 has an additional key function,
possibly clustering of EphA4 that is independent of the
induction of JM autophosphorylation.
Clustering of EphA4EE Receptors Induces
Growth Cone Collapse
Previous work using cultured cells had indicated that
Eph signaling is sensitive to ligand oligomerization
(Davis et al., 1994; Stein et al., 1998). However, it re-
mained unclear whether different degrees of Eph clus-
tering resulted in a concomitant increase in kinase ac-
tivity. The kinase-active EphA4EE receptor allowed us
to uncouple clustering from regulation of kinase activ-
ity. We first asked if the ephA4EE mutation changed the
clustering behavior of EphA4. In a cell-cell assay using
transfected HeLa cells, the EphA4EE mutant receptor
formed clusters upon contact with neighboring cells
expressing ephrinB3, and EphA4EE induced trans-
endocytosis of ephrinB3 (Figure S4). More importantly,
ligand-induced clustering properties of EphA4 in pri-
mary neurons were unchanged in the presence of
EphA4EE, including the number of axons with clusters,
cluster density on the axons, and cluster size (Figure
6). Next, we asked if growth cone collapse of cortical
neurons would be sensitive to ephrinB3 oligomeriza-
tion. Indeed, we found that unclustered ephrinB3 was
less potent than preclustered ephrinB3 in inducing
growth cone collapse of neurons expressing kinase-
active EphA4EE receptor (Figure 7A). In contrast, the ac-
tivity of ephrinA1, which appears to induce growth cone
collapse largely independently of EphA4, was not influ-
enced by preclustering (Figure 7A).To directly address the role of receptor clustering in
Neuron
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In Vitro Growth Cone Collapse in Response
to EphrinB3
(A) Representative examples of scored
growth cones in phalloidin-stained cortical
cultures treated with preclustered control Fc
(left) or ephrinB3 (right). Note the reduced
actin staining and the lack of filopodial ex-
tensions at the tip of the collapsed growth
cone.
(B and C) Cultured cortical neurons from the
indicated genotypes were stimulated for
30 min with 1 g/ml of preclustered Fc, eph-
rinB3, or ephrinA1; fixed; stained with phal-
loidin; and scored for the percentage of col-
lapsed growth cones. In the presence of the
inactive EphA4GFP (B) or EphA4KD (C) recep-
tor, ephrinB3 lost the ability to induce growth
cone collapse, indicating that the ephrinB3-
induced response was mainly mediated by
EphA4. (**p < 0.01; Student’s t test).
(D) Neurons from ephA4EE/EE or ephA4WT/WT
mice were treated with preclustered Fc or
ephrinB3 and processed as in (B) and (C).
Control stimulated neurons from ephA4EE/EE
mice displayed a similar fraction of collapsed
growth cones as ephA4WT/WT neurons (N.S.,
nonsignificant). Similar collapse responses
were induced by ephrinB3 in ephA4EE/EE
neurons compared to ephA4WT/WT controls.
Data were expressed as the average ± SEM.regulating the biological function of EphA4, we raised E
yan antibody against the globular domain (GD) of EphA4
d(α-A4GD) and used it to cluster EphA4 artificially, inde-
rpendently of ephrin, and to induce growth cone col-
(lapse. By Western blot analysis, the α-A4GD antibody
rrecognized specifically EphA4 in total cell lysates from
tembryonic brains (Figure S5A), and when added to
vthe culture media of dissociated cortical neurons,
Eit induced tyrosine phosphorylation of endogenous
tEphA4 comparable to exogenous ephrins (Figure S5B).
nIn the growth cone collapse assay, the α-A4GD anti-
gbody induced collapse of wild-type and heterozygous
wephA4GFP/+, but not of homozygous ephA4GFP/GFP, neu-
irons indicating that the antiserum specifically rec-
Gognized EphA4 (Figure 7B). Importantly, the α-A4GD
fantibody also induced growth cone collapse of homo-
(zygous ephA4EE/EE neurons, albeit somewhat less effi-
iciently (Figure 7C), without a concomitant increase in
cthe kinase activity of the EphA4EE receptor (Figure 7D).
FTaken together, these results suggest that the biologi-
pcal readout of the EphA4EE receptor is regulated by the
bdegree of receptor clustering. They further suggest that
ethe activation of distinct signaling cascades after re-
oceptor clustering does not require an increase in ki-
fnase activity.
t
(
EphA4EE Receptor Induces Tyrosine n
Phosphorylation of the RhoGEF Ephexin1 b
At this point, we wanted to investigate the biochemical i
events that are triggered by ephrin stimulation down- s
stream of the EphA4EE receptor. Earlier work on Eph
signaling had focused on SH2 domain-containing pro- i
teins that bind the two phosphorylated JM tyrosines c
n(reviewed in Kullander and Klein, 2002). However, thephA4EE receptor is devoid of these two residues and
et is largely signaling competent, suggesting that un-
er certain circumstances the primary role of these ty-
osine residues is in the regulation of kinase activity
Wybenga-Groot et al., 2001; Zisch et al., 2000). More
ecently, small GTPases of the Rho family were shown
o be required signaling effectors of Eph receptors (re-
iewed in Noren and Pasquale, 2004). One mediator of
phA4 signaling is ephexin1, a guanine exchange fac-
or (GEF) protein for Rho GTPases that directly con-
ects EphA receptors to cytoskeleton dynamics and
rowth cone mobility (Shamah et al., 2001). Recent
ork has shown that tyrosine phosphorylation of ephex-
n1 is required for ephrin-induced enhancement of its
EF activity toward Rho (Sahin et al., 2005). We there-
ore tested ephexin1 as a candidate, whose activity
phosphorylation) might be triggered by Eph clustering
ndependently of Eph kinase regulation. Different EphA4
DNAs were overexpressed in HeLa cells together with a
LAG-tagged version of ephexin1, which after immuno-
recipitation from cell lysates was analyzed by Western
lotting using an antibody against phosphorylated
phexin (P-ephexin). As shown in Figure 8A, ephexin1
nly became tyrosine phosphorylated when cotrans-
ected with EphA4WT or EphA4EE receptors, but not with
he signaling-deficient mutants EphA4KD or EphA4GFP
data not shown). The phosphorylation signal recog-
ized by the antibody was specific, since it could not
e detected when a mutant form of ephexin1 was used
n which Y87 was replaced by phenylalanine (data not
hown).
We next asked if ephexin1 phosphorylation could be
nduced by ephrin stimulation in our cortical neuron
ultures and if this event was dependent on EphA4 sig-
aling. Both preclustered ephrinA1-Fc and ephrinB3-Fc
Mechanism of EphA4 Signaling
523Figure 6. Analysis of the Clustering Proper-
ties of the EphA4EE Receptor
Neurons were incubated for 2DIV and stim-
ulated for the indicated time points with 1–3
g/ml of preclustered Fc or ephrinB3-Fc. Af-
ter fixation, the neurons were permeabilized
and stained with anti-EphA4 (S20 from Santa
Cruz) and anti-Fc. (A and B) Representa-
tive ephrinB3-stimulated neurons of the indi-
cated genotypes stained with anti-EphA4.
Stippled boxes in (A) and (B) indicate those
areas that are enlarged. Scale bars, 15 m.
(C) Quantification of stimulated neurons (in
percent of total neurons) with at least one
bright EphA4 cluster in the main axon. Stim-
ulation was done for 10 and 40 min. (D)
Specificity of anti-EphA4 staining. The bright
clusters recognized by the S20 antibody in
ephrinB3-stimulated wild-type neurons are
not present in the ephA4null/null neurons, indi-
cating that the antibody is highly specific for
EphA4 (**p < 0.01; Student’s t test). (E–G) Rep-
resentative images of the clusters recognized
by anti-EphA4 (S20) (E) and by anti-Fc anti-
bodies ([F]; merged in [G]). Scale bars, 3 m.
(H) Quantification of the density of anti-
EphA4 and anti-Fc-positive clusters per m
axon. The graph shows the average cluster
density ± SEM of 23 (ephA4WT/WT) and 29
neurons (ephA4EE/EE). (I) Representative im-
age of an axon after anti-EphA4 staining
(same as in [E]) showing the measurement of
cluster area (=cluster size) using the Meta-
morph software. The indicated values were
converted from pixel2 into m2. Scale bar, 3
m. (J) Comparison of cluster size (±SEM)
between ephA4WT/WT (n = 30) and ephA4EE/EE
neurons (n = 32). For each neuron, a mean
cluster size was obtained by pooling the
data from 5 to 22 double-positive clusters.
Data were expressed as the average ± SEM.induced the phosphorylation of ephexin1 compared to
control Fc (Figure 8B). However, only the phosphoryla-
tion of ephexin1 by ephrinB3-Fc was EphA4 depen-
dent (Figure 8B), which correlated with the growth cone
collapse responses. Importantly, ephexin1 phosphor-
ylation was also induced by ephrinB3 stimulation of
kinase-active EphA4EE receptor, and the degree of
ephexin1 phosphorylation was comparable to wild-
type EphA4 (Figure 8C). These results demonstrate that
the kinase-active EphA4EE receptor mediates phos-
phorylation of ephexin1 and that this event is controlled
by clustering of EphA4EE by ephrinB3. Therefore, ephe-
xin1 phosphorylation is an event that correlates with
the ability of EphA4EE to mediate axonal growth cone
collapse.
Discussion
Here, we have shown that a constitutively active EphA4
receptor mediates several of the in vivo functions that
require EphA4 forward signaling. These results were
rather unexpected, since based on previous work with
other RTKs, we expected the EphA4EE receptor to be-have abnormally. We hypothesized that a navigating
growth cone with a constitutively active Eph receptor
would undergo spontaneous collapse in the absence
of ephrin engagement. Consequently, the formation of
axon tracts expressing EphA4 would have been de-
fective or severely delayed. We further reasoned that a
constitutively active EphA4 receptor may trigger in-
creased endocytosis and intracellular trafficking which
would reduce the concentration of EphA4 in the plasma
membrane and the sensitivity toward ephrins. In this
case, the phenotype would have been similar to a loss-
of-function allele. Unexpectedly, EphA4EE mediated
normal development under several circumstances,
suggesting that EphA4EE engaged ephrins normally
whenever the growth cone contacted an ephrin-
expressing cell population. The fact that EphA4EE is
fully activated with respect to its kinase activity before
ephrin engagement suggests that the ephrins trigger
events in addition to activating the kinase. Our in vitro
growth cone collapse assays suggest that ephrins acti-
vate EphA4 signaling by higher-order clustering. Clus-
tering in turn induces the phosphorylation of ephexin1,
a modification that leads to activation of its exchange
Neuron
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aFigure 7. Receptor Clustering Regulates the Growth Cone Collapse
Response of ephA4EE/EE Neurons t
i(A) Cultured cortical neurons from ephA4EE/EE mutant mice were
(stimulated for 30 min with 1 g/ml of nonclustered or preclustered
(Fc, ephrinB3, or ephrinA1; fixed; stained with phalloidin; and scored
mfor the percentage of collapsed growth cones. Nonclustered ephrinB3
eligand was less effective than preclustered ephrinB3 in inducing
sgrowth cone collapse. (**p < 0.01; Student’s t test). (B and C) Neu-
Prons from the indicated genotypes were treated for 30 min with the
santibody directed against the globular domain of EphA4 (α-A4GD
eantibody; 30 l of crude serum/ml of media) and processed as in
i(A). (B) The α-A4GD-induced growth cone collapse is mainly medi-
iated by EphA4, since its ability to induce collapse was dependent
ron the presence of a signaling-competent EphA4 receptor. (C)
iClustering of EphA4 by α-A4GD antibodies induced growth cone
Ecollapse even in the presence of the kinase-active EphA4EE recep-
ttor (**p < 0.01; Student’s t test). (D) EphA4 kinase activity toward
sthe exogenous substrate GST-JM in immunoprecipitates from corti-
(cal neurons derived from control ephA4WT/WT or ephA4EE/EE neurons.
wWhile clustering of EphA4WT with α-A4GD antibodies increased the
pkinase activity of the receptor compared to preimmune serum,
iclustering of EphA4EE did not. Data were expressed as the aver-
iage ± SEM.igure 8. The EphA4EE Receptor Retains the Ability to Phosphory-
ate Ephexin1 upon Ligand Stimulation
A) HeLa cells were cotransfected with different versions of EphA4
nd FLAG-tagged ephexin1 as indicated, and cell lysates were
ubjected to FLAG immunoprecipitation. Samples were then ana-
yzed by Western blotting using an anti-P-ephexin1 antibody and
hen reprobed with an anti-FLAG antibody for loading control.
phA4WT and EphA4EE but not the inactive EphA4KD receptor were
ble to induce ephexin1 phosphorylation (top panel). The lower
hree panels show the expression levels of the indicated proteins
n the same total cell lysates (T.C.L.) used for immunoprecipitation
FLAG for ephexin1).
B) Cultured cortical neurons from wild-type (+/+) or ephA4null/null
ice (−/−) were stimulated as indicated with 2 g/ml of Fc (10 min),
phrinA1 (10 min), or ephrinB3 (30 min), and total cell lysates were
ubjected to Western blot analysis against anti-P-ephexin1. The
-ephexin1 antibody gave a complex pattern of bands (data not
hown). A band of w70 kDa was specifically phosphorylated after
phrin stimulation and disappeared in lysates derived from ephex-
n1 knockout mice (Sahin et al., 2005). Both ephrinA1 and ephrinB3
nduced phosphorylation of the 70 kDa ephexin1 band in +/+ neu-
ons (arrow). In ephrinB3-stimulated ephA4null/null neurons, ephex-
n1 phosphorylation was not induced (lane furthest to the right).
phrinA1 was still able to partially induce ephexin1 phosphoryla-
ion in ephA4null/null neurons. Middle and lower panels show expres-
ion controls for EphA4 and tubulin, respectively.
C) Cultured cortical neurons from ephA4WT/WT or ephA4EE/EE mice
ere stimulated with Fc or ephrinB3 (as in [B]) to induce ephexin1
hosphorylation specifically through EphA4. The degree of ephex-
n1 phosphorylation in ephA4EE/EE neurons was comparable to that
n ephA4WT/WT neurons.
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525activity toward Rho GTPase. We propose a model in
which the activation of Eph RTKs follows a multistep
process of induced kinase activity and higher-order
clustering that is different from the activation mecha-
nism of other RTK subfamilies.
RTKs are thought to exist in equilibrium between in-
active monomers and inactive or active dimers. Ac-
cording to this model, ligand binding stabilizes active
dimer formation and activation of the receptor’s intrin-
sic kinase activity. Active dimers undergo rapid auto-
phosphorylation, thereby creating docking sites for sig-
naling proteins (reviewed in Schlessinger, 2000) (Figure
9A). The biological activity of RTKs strictly correlates
with the degree of enzymatic activation. Mutations that
generate kinase-active mutant RTKs result in ligand-
independent signaling and gain-of-function pheno-
types, such as hyperproliferation or cell transformation.
In rodents, kinase-active RTK mutants cause develop-Figure 9. Comparative Model of RTK and Eph Activation
(A) Inactive RTK monomers (light blue, left panel) are in equilibrium with receptor dimers (data not shown). Ligand binding stabilizes dimer
formation in a conformation compatible with trans-autophosphorylation and stimulation of kinase activity (pink, middle panel) (adapted with
permission from Schlessinger, 2000). This process is sufficient for functional signaling. Mutations that generate kinase-active mutant RTKs
result in ligand-independent signaling and gain-of-function phenotypes (purple, right panel).
(B) Inactive Eph monomers (light blue, left panel) are dimerized by binding ephrins and are trans-autophosphorylated similar to other RTKs.
However, some biological functions require organization into an active oligomer by higher-order clustering of the Eph-ephrin complex. The
EphA4EE mutant carrying a constitutively active kinase is regulated normally by ephrin clustering and mediates most in vivo functions (purple,
right panel).
(C) Summary of EphA4-dependent in vivo functions analyzed in ephA4EE mutant mice.mental syndromes or predisposition to cancer (Holland
et al., 1998; Sommer et al., 2003). The JM region of
RTKs appears to be a particularly sensitive region for
transforming mutations. In several RTKs, the JM do-
main autoinhibits the kinase domain by intramolecular
interaction with the N-terminal lobe of the kinase
(Herbst and Burden, 2000; Wybenga-Groot et al., 2001).
Activating mutations in the JM domain have been fre-
quently reported (Gille et al., 2000; Irusta and DiMaio,
1998).
Eph signaling appears to be controlled in a different
manner (Figure 9B). Our results with EphA4 suggest
that the first step of ligand-mediated autophosphoryla-
tion occurs in a similar fashion to other RTKs, but that
this step is not sufficient to generate a functional read-
out. Mutation of the EphA4 JM region results in a con-
stitutively active receptor, whose basal kinase activity
is comparable to or even higher than that of ligand-
Neuron
526stimulated wild-type receptor and whose kinase activ- n
ity can only be minimally stimulated (if at all) by ligand i
binding. Yet, its signaling output can still be regulated t
by ligand under certain circumstances. Therefore, Eph c
signaling requires an additional level of regulation, K
which most likely is the formation of higher-order clus- q
ters and the activation of distinct signaling events. In J
previous work using in vitro cultures of primary endo-
thelial and transfected cell lines, soluble forms of c
ephrinBs had been shown to stimulate Eph signaling g
when aggregated into clusters suggesting that Ephs e
were sensitive to the oligomeric state of ephrins (Davis a
et al., 1994; Stein et al., 1998). From this work, it re- g
mained unclear whether the degree of Eph clustering t
also regulated the level of kinase activity. In other i
words, the larger the Eph clusters were, the higher Eph d
kinase activity would be. In an alternative scenario, Eph e
kinase activity was already fully activated by dimeriza- l
tion, and higher-order clustering would not lead to a t
further increase in Eph kinase activity, but rather to the s
recruitment of a new set of cytoplasmic effectors. Our w
results with constitutively active EphA4EE support the t
latter scenario. Ephrin-induced clustering of EphA4EE i
can produce a normal cellular response despite the fact e
that its kinase activity cannot be further increased. t
The phosphorylation of ephexin1 appears to be one m
of the key steps in repulsive guidance mediated by c
EphAs. Ephexin1 had previously been shown to interact j
with the cytoplasmic domain of EphA4 and to modulate i
ephrin-induced RhoA activation, Cdc42 and Rac1 inhi- c
bition, and cell morphology changes (Shamah et al., a
2001). Using neurons derived from ephexin1 knockouts, e
ephexin1 was shown to be required for ephrin-induced t
growth cone collapse. Mechanistically, EphA4 signaling d
leads to tyrosine phosphorylation of ephexin1, a modifi- n
cation that enhances ephexin1’s substrate preference t
for RhoA, while not altering its activity toward Rac1 and E
Cdc42, changing the balance of GTPase activities. Im- C
portantly, ephexin1 phosphorylation is required for c
growth cone collapse (Sahin et al., 2005). Recent work t
suggests that ephexin1 is a substrate of Src family ki-
nases (SFKs) downstream of EphA4-mediated retinal E
axon guidance (Knoll and Drescher, 2004; Sahin et al.,
G2005). Our results have shown that ephexin1 phos-
Mphorylation is controlled by ephrin-Eph clustering.
tThis modification is also mediated by kinase-active
2EphA4EE, suggesting that this is a process that hap- J
pens largely independently of the regulation of EphA4 T
kinase activity. We suggest that ephexin1 is recruited i
into higher-order clusters of EphA4 along with SFKs a
Sand possibly other effector proteins. This leads to the
activation of Src kinase activity and subsequent ephex-
Tin1 phosphorylation by Src.
R
Among the diverse in vivo functions of EphA4, thala- f
mocortical projections were not rescued by kinase- c
active ephA4EE. One of the possible explanations is a
that thalamocortical projections are controlled by eph- (
rinA5, whereas midline guidance of CST and CPG ax-
Gons is provided by ephrinB3. It is possible that the func-
Gtional requirement for regulated kinase activity differs
s
depending on whether the receptor is activated by e
ephrinA or ephrinB ligands. Secondly, the intrinsic re- o
sponse of thalamic neurons to EphA4 signaling may be s
2different from that of corticospinal or spinal cord inter-eurons. The JM tyrosine residues that were mutated
n ephA4EE, besides controlling the kinase activity of
he receptor, have been shown to bind SH2 domain-
ontaining effector proteins (reviewed in Kullander and
lein, 2002). It is conceivable that thalamic neurons re-
uire an EphA4 effector that binds to phosphorylated
M tyrosine residues.
A final possibility for the phenotype in thalamocorti-
al projections may be the fact that they are topo-
raphic and EphA4 has to respond to a smooth gradi-
nt of ligand, whereas midline guidance is achieved by
step gradient of ligand. The ability to generate a
raded response to ephrins likely requires a particularly
ight regulation of Eph activation (Hansen et al., 2004),
ncluding its phosphorylation state: in this context the
ynamic range of sensitivity of EphA4 to ephrin gradi-
nts could be impaired in ephA4EE/EE mutants, hence
eading to the topographic errors observed in vivo in
he thalamocortical system. It would be interesting to
et up in vitro assays challenging the EphA4EE receptor
ith either smooth or step gradients of the same ligand
o investigate whether the regulation of kinase activity
s more critical when the growth cone has to sense an
phrin gradient. In this respect, it is interesting to note
hat the physiology of the CPG was not completely nor-
al in the ephA4EE/EE mutants. In the normal spinal
ord, EphA4 signaling is required for CPG neurons pro-
ecting ipsilaterally to an unknown target and respond-
ng to so far uncharacterized ephrins. We observed a
ertain degree of drifting of firing patterns between L2
nd L5 and aberrant synchrony at lumbar level 5 in the
phA4EE/EE mutants, which was not observed in con-
rols. It is tempting to speculate that the EphA4-depen-
ent ipsilateral projections are topographically orga-
ized and that they follow similar constraints as the
halamocortical projections. If this were true, then
phA4 would have two distinct functions in the spinal
PG: first, to prevent aberrant midline crossing (res-
ued by EphA4EE) and, second, to provide ipsilateral
opography (partially rescued by EphA4EE).
xperimental Procedures
eneration of ephA4EE Mutant Mice
utant ephA4EE mice were generated using the same replacement-
ype targeting strategy previously described (Kullander et al.,
001b). The mutant ephA4EE allele encoded EphA4 with the two
M tyrosine residues Y596 and Y602 replaced by glutamic acids.
he loxP-flanked neo cassette was removed in vivo by crossbreed-
ng to a Cre recombinase expressing transgenic mouse strain, and
ll mutant phenotypes were analyzed in comparable mixed 129/
vev × C57Bl/6 backgrounds.
racing Experiments and Tissue Processing
etrograde tracing of the VB nucleus of the thalamus was per-
ormed as previously described (Dufour et al., 2003). Tracing of the
orticospinal tract with the anterograde tracer biotin dextrane
mine was done as previously described (Kullander et al., 2001b)
see also Supplemental Experimental Procedures).
ait Analysis
ait analysis was conducted in littermate animals as previously de-
cribed (Kullander et al., 2001a). In order to minimize the differ-
nces in sex, weight, and speed within a group of mice, we have
btained a parameter from the ratio depicted in Figure 4B for each
tep. For each mouse, an average value was obtained from 10 to
0 steps, and for each group two to nine animals were considered.
Mechanism of EphA4 Signaling
527Data were analyzed by Student’s t test and expressed as the
average ± SEM.
Electrophysiology and Circular Statistics
Isolated spinal cords obtained from neonates (P0–P3) were placed
in a recording chamber as previously described (Kjaerulff and
Kiehn, 1996). Fictive locomotion was induced by perfusion with
NMDA (3–8 M) and serotonin creatine sulfate (5-HT; 3–15 M) and
registered by recordings from the left (“l” in Figure 3) and right (“r”
in Figure 3) L2 and L5 roots (see also Supplemental Experimental
Procedures).
Primary Cell Culture and Growth Cone Collapse Assay
Neuronal cultures were established as described (Kullander et al.,
2001a) and stimulated with 1–2 g/ml of the indicated ephrin-Fc
ectodomain fusion proteins (R&D Systems, Minneapolis, MN) or
with Fc only as a control (Jackson Immuno Research, West Grove,
PA). Fc or ephrin-Fc fusion proteins were preclustered with an anti-
Fc antibody (Jackson ImmunoResearch) for 1 hr at room temper-
ature in a 5:1 molar ratio. Stimulation with the α-A4GD antibody (see
below) was carried out adding 30 l of the crude antiserum per ml
of media. The antibody was previously incubated with an anti-rab-
bit antibody (Jackson ImmunoResearch) in a 10:1 volume ratio.
Growth cone collapse assays were performed as previously de-
scribed (Kullander et al., 2001a) (see also Supplemental Experi-
mental Procedures).
Cell Transfection and Cell-Cell Stimulation Assay
HeLa or HEK293 cells transiently transfected using standard cal-
cium phosphate/DNA precipitation procedure were used in cell-cell
stimulation assays as previously described (Zimmer et al., 2003).
In Vitro Kinase Assay
In vitro kinase assays were done as described (Kullander et al.,
2001b) using 2–4 l of the anti-EphA4 antiserum (Becker et al.,
1995) (more information in Supplemental Experimental Pro-
cedures). Glutathione S-transferase (GST)-JM fusion protein was
generated by subcloning a PCR product including the JM tyrosines
of the mouse EphA4 (sequence RSKY . . . CVAI) in frame with the
GST into the bacteria expression vector pGEX-2T. Protein was pro-
duced in BL21 bacteria (Stratagene, Torrey Pines Road, CA) and
purified using a glutathione matrix column (Amersham Biosci-
ences).
Supplemental Data
The Supplemental Data include Supplemental Experimental Pro-
cedures and five figures and can be found with this article online
at http://www.neuron.org/cgi/content/full/47/4/515/DC1/.
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